giant 2M05215658+4359220 as a binary system with a massive unseen companion. Subsequent radial velocity measurements reveal a system with an orbital period of 83 days and near-zero eccentricity. The photometric variability period of the giant is consistent with the orbital period, indicative of star spots and tidal synchronization. Constraints on the giant's mass and radius from its luminosity, surface gravity, and temperature imply an unseen companion with mass of 2.5 − 5.8 M , indicating a low-mass black hole or an exceedingly massive neutron star. Measurement of the astrometric binary motion by Gaia will further characterize the system. This discovery demonstrates the potential of massive spectroscopic surveys like APOGEE and all-sky, highcadence photometric surveys like ASAS-SN to revolutionize our understanding of the compact object mass function, and to test theories of binary star evolution and the supernova mechanism.
The neutron star and stellar black hole mass functions are the subject of intense study as they directly constrain the mechanism of core-collapse supernovae, its success and failure rate as a function of metallicity, and the physics of binary stars (1) (2) (3) . An unbiased census of neutron star and black hole masses is critical to a broad swath of astrophysics.
To date, however, our knowledge of neutron star and black hole demography is limited.
In particular, mass measurements come almost exclusively from pulsar and accreting binary systems selected from radio, X-ray, and gamma-ray surveys (4, 5) . While Galactic gravitational microlensing has the potential to reveal compact object mass distributions directly (6, 7) , most systems cannot be followed up. The recent discovery of merging black hole and neutron star binaries by LIGO (8, 9) provides a new window on compact object masses, but these systems are an intrinsically biased subset of the parent population.
Studies of compact object populations are complemented by those of massive star binary systems (10, 11) , which indicate a broad distribution of secondary masses and orbital periods,
implying that many massive stars should have low-mass companions. Yet, quiescent black hole stellar binaries born in the field have not been discovered in directed radial velocity searches, even though the promise of such systems has been discussed for decades (12, 13) . The one serendipitous discovery to date likely formed by dynamical processes in a globular cluster (14) .
Although subject to their own selection biases, a large collection of Galactic binary star systems with black hole or neutron star companions would provide a wholly new population for study and for comparison with binary stellar evolution models. Because field binaries are coeval, such systems would constrain the black hole production rate as a function of metallicity and age, and thus give vital clues to critically uncertain aspects of binary evolution.
To address these issues, we initiated a search for binary systems with massive unseen companions in data from APOGEE (15) (16) (17) , part of the Sloan Digital Sky Survey IV (18, 19) . Although the radial velocity measurements from APOGEE can immediately indicate the presence of a binary, determining the mass of the companion is uncertain because the orbital period, inclination, and eccentricity are unknown. To constrain the orbital periods of the ∼ (23) .
The optical spectra we report below give values of T eff , v sin i rot , and [M/H] consistent with APOGEE, but lower log g 2.35 ± 0.14. With a mean visual magnitude of V 12.9, the system appears in many archival optical and near-infrared catalogs.
Assuming that the giant has a mass M giant ≥ 1 M , and that the 83 day photometric variability is either ellipsoidal variations or starspots in a tidally synchronized binary, the APOGEE radial velocities alone imply a minimum mass for the unseen companion above the Chandrasekhar mass of 1.4 M , suggesting a neutron star or black hole companion. The giant's spectral energy distribution (SED) is well-fit by a single reddened template, ruling out a significant contribution at short wavelengths from a main sequence or evolved companion of such high mass.
To constrain the orbit and the nature of the photometric variability of 2M05215658+4359220, we initiated radial velocity and multi-band photometric followup. Data from both campaigns are shown in Figure 2 . The radial velocity measurements obtained with the Tillinghast Reflector Echelle Spectrograph (lower panel), like the APOGEE spectra, always exhibit only a single set of absorption lines, indicative of a single-lined spectroscopic binary. They demonstrate that the system has a nearly circular orbit with P orb 83.2 ± 0.06 days, radial velocity semi-amplitude K 44.6 ± 0.1 km s −1 , and eccentricity e 0.0048 ± 0.0026 (see supplementary text). The mass function is then
where M CO is the mass of the compact object companion and i orb is the orbital inclination.
Solutions The low orbital eccentricity and the close correspondence between the orbital and photometric periods imply that the system is tidally circularized and synchronized. We thus adopt the hypothesis that the giant's rotational period is equal to the binary orbital period (P rot = P orb = P ) and that their inclinations on the sky are identical (i rot = i orb = i). Combining the giant's measured value of v sin i 14.1 km s −1 with the period yields a minimum stellar radius of
Combining the minimum radius with T eff gives a minimum bolometric lu-
2.4 kpc/ sin i, where σ is the Stefan-Boltzmann constant and F is the bolometric flux measured from our fits to the SED. For the Gaia parallax of 0.272±0.049 mas (29) , including a ±0.03 mas systematic uncertainty, the distance of D 3.7 ± 0.8 kpc implies a bolometric luminosity of L 480 ± 100 L , and a giant radius of R 36 ± 8 R given T eff from our SED fits or the APOGEE spectroscopy. Comparison of R with P × v sin i implies sin i 0.64 ± 0.14.
Although the giant is redder than expectations for standard theoretical single-star evolutionary tracks at the APOGEE log g, comparison of L and T eff with such tracks implies an intermediate mass of roughly M giant ∼ 2 − 4 M . However, this mass range contrasts starkly with that naively implied by M giant = R 2 g/G 19 M for the APOGEE log g = 2.6 and the nominal Gaia radius. Such a high mass is incompatible with the observed luminosity, and suggests large systematic uncertainties in log g for this object, perhaps owing to the giant's rapid rotation, spots, and red colors. Additionally, different analyses of the APOGEE spectra give different log g, with the lowest reported as log g = 2.2 (31). The TRES spectra give log g 2.35 ± 0.14, which significantly decreases the implied giant mass to M giant = R 2 g/G 10 ± 5 M , including the uncertainties in the Gaia parallax. Only the lowest part of this mass range is consistent with the luminosity of the system when compared with single-star evolutionary tracks.
Given the log g uncertainties, we searched for the best fitting model in a grid of stellar evolutionary tracks (32) with the constraint log g = 2.35 ± 0.14 from the TRES spectroscopy, and the other parameters inferred from Gaia and the SED (L, R, and T eff ). We find a best joint fit for the giant mass of M giant 3.0
−100 K, and a radius R 23.8
In general, these fits prefer a low value for L and R, and a high value of T eff relative to the numbers inferred from Gaia and the SED. In Figure 3 For comparison, if we instead impose no constraint on log g, we find a best joint fit to the evolutionary tracks with M giant 2.2
−7.6 R , and an unseen companion mass of M CO 5.5
again implying a black hole. These models fit the observations remarkably well, but give a log g 1.7
+0.2 −0.3 , that is far from the optical (log g 2.35 ± 0.14) or near-infrared (log g More plausibly, the peculiar abundances of the giant may be the result of previous interaction with its binary companion, either via mass transfer or during the explosive event that may have accompanied the formation of the compact object.
On the basis of all the current evidence, we conclude that the remarkable system 2M05215658 +4359220 likely consists of a 2−4 M giant and a low-mass black hole of M CO 2.5−5.8 M (the 2-σ range in Fig. 3 ), encompassing the theoretical lower mass limit for black holes of ∼ 4 M obtained by recent studies (1, 37, 38) , and potentially below the lowest well-measured black hole mass to date (5) . The lower mass range reaches the theoretical maximum neutron star mass of 2.5 M (35), and would be higher than the maximum neutron star mass yet observed 2.0 M (36) (see Fig. 3 ). A further possibility is that 2M05215658+4359220 is a related evolutionary descendant of the recently discovered class of high-mass millisecond pulsar systems with distant main sequence binary companions like PSR J1903+0327 (39) . Important additional constraints will be provided by the astrometric binary motion to be measured by Gaia. Assuming M CO M giant , the maximum angular elongation on the sky by the giant over half an orbit
The implications of our findings are far-reaching. First, we demonstrate the key importance of combining massive multi-epoch spectroscopic surveys like APOGEE or the upcoming SDSS V with all-sky high-cadence imaging surveys like ASAS-SN. Combining data sets allows us to quickly isolate systems for followup using well-defined selection criteria. Second, we have discovered the first quiescent non-interacting neutron star or, more likely, black hole stellar binary system whose mass and orbit will test supernova and binary stellar evolution theories. In particular, the compact object we identify may be one of the most massive neutron stars or one of the lowest mass black holes ever found. Third, our work illustrates the utility of bright giants for finding compact objects. With their rapid tidal circularization timescales and large physical sizes, they pick out new regimes of binary evolution and reveal their orbital period with their brightness changes, whether via spots or ellipsoidal variations, before initiating additional spectroscopic studies. Indeed, it may be efficient to select such objects for radial velocity followup from already completed photometric surveys on the basis of their photometric variability alone.
In this way, like pulsars, spotted tidally-synchronized giants like 2M05215658+4359220, with their easily detected periodic photometric variations, may reveal a new compact object demography. The phasing is such that maximum blueshift (negative RV) occurs very near the photometric maximum in all bands, and maximum redshift occurs after photometric minimum, near the "shoulder/plateau" in the lightcurve at BJD − 2450000 8080. Figure 1 shows the evolution of the phased multi-epoch ASAS-SN lightcurve for comparison. 
Object selection method
The APOGEE survey provides multi-epoch spectroscopy for over ∼ 10 5 stars in the Galaxy.
A catalog of high signal-to-noise radial velocity (RV) measurements was assembled by (20) .
In general, there are ∼ 2 − 4 measurements per system. Although a measured RV difference between subsequent epochs can indicate the presence of a binary companion, the orbit is in general not well-established with such a small number of RV samplings (40, 41) . A simple criterion is used to identify systems that might have a massive unseen companion. We first calculated the maximum acceleration for each system,
where ∆RV is the difference between the measured RV in subsequent epochs and ∆t RV is the time between the two observations. Because many systems have no significant RV differences, we limited our exploration to systems with ∆RV > 1 km s −1 (20). The measured maximum acceleration then gives an estimate for the unseen companion mass of M (a max ) ∼ a max s 2 /G, where s is the separation between the two bodies over the time ∆t RV . The separation s is unknown, but in the absence of other information we used s = ∆RV ∆t RV at a = a max , which yields an expression similar to the mass function M (a max ) = ∆RV 3 ∆t RV /G evaluated for the two epochs for which a = a max . This of course is not meant to faithfully return the unseen companion mass, only as a very simple first method to prioritize 10 5 systems.
We then acquired ASAS-SN lightcurves (21, 22) for the ∼ 200 systems with the highest M (a max ) as estimated from the APOGEE data. Our hope was to get an estimate for the orbital period for some systems using the photometric variability expected from ellipsoidal variations, eclipses, or starspots. Many systems showed no variability. These may be interesting for additional followup because in some cases large orbital periods or high inclinations may be implied.
Other systems showed periodic photometric variations.
The system in our sample with the longest well-measured photometric period was 2M 05215658 +4359220 with P phot 83 days. The raw aperture photometry lightcurve from the the ASAS-SN Sky Patrol lightcurve server (38) is shown in Figure 4 . The phased lightcurve is shown in Figure 1 . Given the 3 APOGEE measurements listed in Table 2 , we estimated the RV semi-amplitude to be K ∼ (42.6 + 37.4)/2 ∼ 40 km s −1 . Assuming that the orbital period is equal to the photometric period P orb = P phot (starspots in a tidally locked binary) or that P orb = 2P phot (as expected for ellipsoidal variations) we estimated a large value of the mass function f (M ) > 0.6 M (eq. 1). Assuming that the observed giant had a mass larger than 1 M , the implied minimum companion mass is above the Chandrasekhar mass of 1.4 M .
Given the absence of any evidence for a stellar companion (Section 4), we initiated RV followup to measure the orbital period and precise multi-band photometric followup to give both a densely-sampled lightcurve and to constrain potential color variations.
Multi-Band Photometric Followup
To establish the nature of the photometric variability of 2M05215658+4359220, we obtained multi-band (BVri) images at the Post Observatory Mayhill (NM, USA), which employs a robotic ACP controlled 0.61m CDK telescope with a back illuminated Apogee U47 camera. Mt. Hopkins in Arizona. TRES has a resolution of R ∼ 44, 000 and spectra were collected using the medium 2.3" fiber.
A total of 11 spectra were obtained between 10 September 2017 and 25 January 2018. The spectra were reduced and extracted as described in (45) . The exposure times ranged from 30−42 minutes depending on observing conditions and yielded an average signal-to-noise per resolution element (SNRe) of ∼ 25 at the peak of the continuum centered at 519 nm surrounding the Mg b triplet. We derived relative radial velocities using the observation with the highest SNRe as a template and cross-correlated the remaining spectra order-by-order against the observed template. The observed template is, by definition, assigned a velocity of 0 km s −1 . The derived relative radial velocity results from TRES are given in Table 2 and the bottom panel of Figure   2 . The fit to the orbital parameters derived from the TRES radial velocity data is given in Table   3 .
The absolute velocity of the system is 3.56 ± 0.1 km s −1 . This is derived from the radial velocity for the template observation when correlated against our library of calculated spectra using the Mg b order, combined with a −0.61 km s −1 correction, which is mostly due to the fact that the calculated template spectrum does not include gravitational redshift. The uncertainty is based on residual systematics of many years of observations of the International Astronomical Union (IAU) Radial Velocity Standard Stars. Note that the absolute APOGEE radial velocities listed in Table 2 were not included in the fit reported in Table 3 , and that they likely have larger systematic errors than the ∼ 10 m/s reported (20) .
We used the Stellar Parameter Classification (SPC) tool to derive stellar parameters from the TRES spectra (46) . SPC cross correlates the observed spectra against a library of synthetic spectra based on Kurucz model atmospheres. The weighted average results from this analysis are T eff = 4574±65 K, log g = 2.35±0.14, [m/H] = −0.39±0.08, and v sin i = 16.8±0.6 km s −1 , where the latter is the total line broadening parameter that does not distinguish between the contributions from rotational broadening and macroturbulence.
Properties of the Giant
Archival and new photometry of the system is summarized in Table 1 . In addition to the data we collected as part of our multi-band photometric followup, we obtained Swift imaging, which yielded a detection in the U band and upper limits in the UV and X-ray. The UV upper limit is important for constraining a main sequence stellar companion, as discussed in Section 4.3. The X-ray upper limit is discussed in Section 4.4.
Analysis of APOGEE Spectra
Analysis of 2M05215658+4359220 using the APOGEE Stellar Parameter and Chemical Abun- Quantitative fits to single-star evolutionary tracks are discussed in the main text. Given the nominal values and uncertainties in L, T eff , and R from the Gaia parallax and our fit to the SED, and using the TRES value of log g 2.35 ± 0.14 as a constraint, we find a best fit of M giant 3.0
If we instead apply no log g constraint we find M giant 2.2 +1.2 −0.9 M , but only for a best-fit value of log g 1.7
+0.2 −0.3 that is far from the spectroscopically determined values.
We also searched for best-fitting models among the evolutionary tracks assuming the APOGEE log g 2.591±0.058, but this produced poor fits to the measured parameters, and all potentially viable models have sin i > 1 when combined with the measured APOGEE v sin i, leading to binary component masses that are inconsistent with the measured binary mass function.
For comparison with the fits presented in the main text, we also searched for a joint fit to the evolutionary tracks using the smaller distance implied by the Gaia parallax incorporating a model for the Galaxy, which gives D 3.3 
Spectral Energy Distribution
We fit the WISE 3. 
Limits on a Stellar Companion
As shown in Figure 3 , for sin i = 1 and M giant = 1 M , the minimum mass of the unseen companion allowed from the radial velocity measurements is 1.8 M . The blue lines in Figure 7 show the spectral energy distribution of 1.3, 1.5, and 1.8 M main sequence stars at 1
Gyr (51) compared to our fit to the photometry at the nominal Gaia distance of 3.68 kpc.
The Swift UVM2 upper limit is very constraining ( Table 1) for the giant mass is implausible given the distance to the system, the implied luminosity of the giant, and its evolutionary state.
There may be a systematic offset in the Gaia parallaxes, implying that the distance of 3.68 kpc is overestimated by ∼ 10% (29) . For example, the analysis of (30) gives a distance of to be consistent with the photometry, the distance to the system would need to be more than 2 times larger and the luminosity of the giant would need to be more than 4 times larger. Such a luminosity would then be inconsistent with a giant mass as low as 1 M . We therefore see no way to have a main sequence companion that satisfies the dynamical, photometric, and astrometric constraints on the system.
Cooler stellar companions that evade the Swift UVM2 upper limit rapidly degrade the fit to the SED unless they have the same temperature as the giant. In that case, the companion would also have to be a giant star, in which case we would expect it to show up in the TRES and APOGEE spectroscopy. However, neither the TRES nor the APOGEE spectra (Section 3)
show any evidence for a second set of spectral lines at any of the radial velocity epochs ( Figure   2 ; Table 2 ).
X-Ray Upper Limit
For an interacting binary, we would expect ongoing X-ray emission from accretion. While there are weak limits on the X-ray emission from 2M05215658+4359220 from the ROSAT We find no evidence for X-ray emission associated with 2M05215658+4359220 to the upper limit reported in Table 1 . There is a faint nearby X-ray point source located at (α, δ) = arcsec. Correcting for the fraction 3 of the total counts from the system that would be enclosed 
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